Cool core galaxy clusters are considered to be dynamically relaxed clusters with regular morphology and highly X-ray luminous central region. However, cool core clusters can also be sites for merging events that exhibit cold fronts in X-ray and mini-halos in radio. We present recent radio/X-ray observations of the Phoenix Cluster or SPT-CL J2344-4243 at the redshift of z = 0.596. Using archival Chandra X-ray observations, we detect spiraling cool gas around the cluster core as well as discover two cold fronts near the core. It is perhaps the most distant galaxy cluster to date known to host cold fronts. Also, we present JVLA a) 1.52 GHz observations of the minihalo, previously discovered at 610 MHz with GMRT b) observations in the center of the Phoenix galaxy cluster. The minihalo flux density at 1.52 GHz is 9.65 ± 0.97 mJy with the spectral index between 610 MHz and 1.52 GHz being −0.98 ± 0.16 c) . A possible origin of these radio sources is turbulence induced by sloshing of the gas in the cluster core.
INTRODUCTION
Recent studies have firmly established our understanding of the intracluster medium (ICM) as formed by hot diffuse plasma, relativistic particles, and large scale magnetic fields (for reviews, see Feretti et al. 2012; Brunetti & Jones 2014; van Weeren et al. 2019) . The observed diffuse radio emission in the galaxy clusters are typically three types: (1) Giant Radio Halos (GRHs), (2) Relics & Radio Phoenices, and (3) Minihalos (MHs) (e.g. Feretti et al. 2012) . The GRHs are ∼Mpc scale radio emission found in merging clusters. They are roundish and located in the central region of the cluster. The radio relics, on the other hand, are found in the periphery of merging clusters. They are of elongated morphology with a typical size of about 0.5 − 2 Mpc. The radio phoenices are located close to the cluster center compared to the relics. They are found in both merging and relaxed clusters, having a roundish, elongated, or filamentary morphology with a typical size of 0.3 − 0.4 Mpc (van Weeren et al. 2019) . Minihalos are ∼ 100 − 500 kpc scale diffuse radio sources of synchrotron origin with roundish morphology, found only surrounding the central Brightest Cluster Galaxy (BCG) in some relaxed, cool-core clusters. According to Giacintucci et al. (2017) , diffuse radio emission is categorized as a "minihalo" if (1) it does not resemble radio lobes, tails nor has any connection with the central AGN, (2) minihalo radius is > 50 kpc and (3) a maximum radius of 0.2R 500 . This r 0.2R 500 radius separates the outer self-similarly evolving ICM region and the inner region where cooling, stellar feedback, AGN feedback, sloshing, etc., becomes more important (Mc-Donald et al. 2017) . Minihalos found at the center of the Perseus cluster represent the prototypes of this class of radio sources (e.g., Pedlar et al. 1990; Burns et al. 1992; Sijbring 1993; Gendron-Marsolais et al. 2017) . A recent study by Giacintucci et al. (2017) revealed that minihalos are not that rare as was previously believed, and are very common (∼ 80%) in massive (> 6 × 10 14 M ) cool core clusters.
Chandra with its high spatial and spectral resolution X-ray observations, has revealed many remarkable physical processes that are happening in galaxy clusters. The minor merging events of sub-clusters can perturb the cluster central gravitational potential, resulting in gas "sloshing" in the cluster core. The presence of these phenomena is detected from the temperature jumps and corresponding density decrease across the interface of moving cold gas in the cluster core region. These are "cold fronts" or contact discontinuities ubiquitous in cool core clusters as the only necessary condition being a steep radial entropy profile (Ascasibar & Markevitch 2006) . Cold fronts are more subtle in density profiles of cool core clusters than of those found in mergers, and they occur closer to the cluster center (r 100 kpc) (Markevitch & Vikhlinin 2007) .
The origin of the minihalo emission in the galaxy clusters is of great interest still today. The radiative lifetime of relativistic electrons is much shorter than their diffusion timescale, prohibiting the formation of diffuse radio sources of the order of the minihalo radius only by diffusion. Thus, some other mechanism is required to explain their origin. Burns et al. (1992) proposed that the absence of Mpc scale radio emission in the Perseus cluster was because of the lack of magnetic fields in the outer region of the cluster core due to the cooling flow suppression of turbulence amplified magnetic fields. Later, Gitti et al. (2002 Gitti et al. ( , 2004 suggested that in the presence of magnetic fields, re-acceleration of in situ electrons by turbulence caused by the cooling flow can produce radio structures of this scale. However, signatures of the classical "cooling flow" model were not observed in recent observations (Peterson & Fabian 2006) , whereas largescale sloshing gas has been observed quite frequently in X-ray observations (for reviews, see Markevitch & Vikhlinin 2007; Böhringer & Werner 2010) . Fujita et al. (2004) suggested that sloshing can generate significant turbulence in the core of clusters, and Mazzotta & Giacintucci (2008) found a striking spatial correlation between minihalo emission and cold fronts possibly arising from gas sloshing. They found that the diffuse radio emission was contained within the cold fronts, and later on, hydrodynamic simulations from ZuHone et al. (2013) reproduced this finding. Such a feature has been seen in other clusters as well (see e.g., Giacintucci et al. 2014) . Alternatively, in the hadronic model, inelastic collisions between thermal and relativistic cosmic ray protons (CRp) may provide the continuous supply of relativistic electrons needed for large scale synchrotron emission (e.g., Pfrommer & Enßlin 2004; Fujita et al. 2007; Keshet & Loeb 2010; Keshet 2010) . Recently, another possible scenario was put forward by Omar (2019) where multiple supernovae type Ia (SNIa) events over the 100 Myr period can provide synchrotron emitting relativistic electrons on about 500 kpc scale.
In this paper, we present radio and X-ray analyses of the Phoenix cluster or SPT-CL J2344-4243 (Williamson et al. 2011 ) as a multi-wavelength study of the diffuse radio emission (radio minihalo) surrounding the central radio galaxy and to understand its origin. A short review of previous observational work carried out on the Phoenix cluster is reported in Section 2. The radio and X-ray observations we employ in this paper, as well as the corresponding data reductions, are described in Section 3. The results from our radio and X-ray data analyses are reported in Section 4 and Section 5, respectively. Finally, a summary of the study and our conclusions are presented in Section 6.
Here we adopt a ΛCDM cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7. At the cluster redshift z = 0.596, 1 corresponds to a physical scale of 6.664 kpc.
THE PHOENIX CLUSTER
As reported by Williamson et al. (2011) , the Phoenix cluster was first detected via the Sunyaev-Zel'dovich effect using the South Pole Telescope (SPT). Follow up detections of the same were also reported by Bleem et al. (2015); Planck Collaboration et al. (2016) . Since its discovery, multiple X-ray and radio studies have been carried out on this cluster. The Phoenix cluster is massive (M 500 ≈ 12.6 × 10 14 h −1 70 M ), situated at a redshift of z = 0.596 and is the most X-ray luminous (L 2−10 keV = 8.2 × 10 45 erg s −1 ) cluster known till date (McDonald et al. 2012 . It is also the most extreme cool core cluster known, with a steep entropy profile, extreme star formation rate (SFR = 798 ± 42 M Table 2 . van Weeren et al. (2014) discovered the presence of diffuse radio emission in the Phoenix cluster with 610 MHz observations, surrounding the central BCG with no obvious connection to the radio galaxies and classified the source as a radio minihalo. Hlavacek-Larrondo et al. (2015) first discovered X-ray cavities in the cluster core resulted from the AGN feedback. found a connection between the X-ray cavities and radio emission from the BCG with 610 MHz GMRT observations where the radio emission appears to be oriented towards the X-ray cavities. Recently, with the VLA 8-12 GHz observations of the Phoenix cluster, Mc-Donald et al. (2019a) reported the near correspondence of these X-ray cavities with the radio jets revealing the presence of mechanical feedback from the central AGN.
In the next section, we present new the JVLA 1 − 2 GHz observation using the CnB configuration as well as archival Chandra data on the cluster.
OBSERVATIONS AND DATA ANALYSIS

JVLA L-Band Observations
Observation of the Phoenix cluster was carried out with JVLA CnB configuration on 23rd January 2015, for a total of 1.67 hrs of observing time. It was observed in 1 − 2 GHz band in full polarization mode with a total bandwidth of 1 GHz. The 1 GHz observing bandwidth was divided into 16 spectral windows, and each spectral window was further divided into 64 channels.
The CASA (Common Astronomy Software Applications) package developed by NRAO 1 was used for data reduction purposes. We used the VLA calibration pipeline 2 to perform the basic flagging and calibration using CASA (McMullin et al. 2007 ). The pipeline iteratively performs calibration and bad data flagging. From the output calibrated data, usable spectral windows were separated using CASA task SPLIT. To remove any remaining bad data, careful inspection and flagging were done manually. Around 40% of on source data was flagged in the process. Calibrator 3C48 was used for bandpass and phase calibration. The flux density of the calibrator was set according to Perley & Butler (2013) . Imaging was done using the CASA task CLEAN. MSMFS (Rau & Cornwell 2011) imaging was performed using 2 Taylor terms for spectral modeling. For wide-field imaging, 863 w-projection planes were used. The Briggs weighting (Briggs 1995) scheme was used for imaging, as specifically pointed out below. Few rounds of phase-only self-calibration were performed to remove residual phase variations. For self-calibration steps, we set Briggs robust parameter to -1. We have re-analyzed the GMRT 610 MHz archival data of the Phoenix cluster to estimate the spectral index of the minihalo emission. The observations were performed with GMRT on 14 & 15 June, 2013 in dualpolarization mode with a total observing time of about 10 hr. This is Legacy Data that used the GMRT Software Backend (GSB) correlator with a total of 32 MHz of bandwidth divided into 256 channels.
GMRT 610 MHz Observations
Data reduction was done using SPAM 3 (Source Peeling and Atmospheric Modeling) (Intema et al. 2009 (Intema et al. , 2017 , an automated Python-based pipeline employing the Astronomical Image Processing System (AIPS) to reduce high resolution low frequency radio interferometric data. The data reduction starts with automatic RFI excision, bandpass, and gain calibration. 3C48 was used for flux calibration, and the flux density was set according to the Scaife & Heald (2012) scale. Several rounds of self-calibration were performed, followed by direction dependent calibration of the bright sources. A detailed description of the working pipeline can be found in Intema et al. (2009 Intema et al. ( , 2017 . Imaging was performed on the final calibrated data using the CASA task CLEAN.
Chandra X-ray Observations
We used all Chandra archival data available at the time of data analysis with observation IDs 13401, 16135, 16545, 19581, 19582, 19583, 20630, 20631, 20634, 20635, 3 http://www.intema.nl/doku.php?id=huibintemaspam 20636, 20797. All the observations were made with the ACIS-I instrument in VFAINT mode. Combining all 12 observations, a total of about ∼538 ks of clean exposure was obtained.
Our group has developed a semi-automated pipeline, which was initially written in IDL and bash-script Schenck et al. 2014) . Recently, it is developed into a more automated Python-based pipeline called ClusterPyXT 4 (Alden et al. 2019) .
However, for the analysis in this paper, we have used the older version of the pipeline only Schenck et al. 2014 ). This pipeline uses Chandra Interactive Analysis of Observations (CIAO) 5 along with Chandra Calibration Database (CALDB) and X-Ray Spectral Fitting Package (XSPEC 6 ; Arnaud 1996) . Here, data analysis was performed using CIAO-4.9 and calibrated with CALDB-4.7.9, the most recent version available during the analysis. Once the cluster name and ObsIds are provided, it automatically downloads the data using CIAO, cleans it, and merges all ObsIds together.
This pipeline uses build-in CIAO task 7 download chandra obsid to download data, then reprocess using chandra repro. Because of the high redshift of the Phoenix cluster, there were available source free region in the ACIS-I chips during the observations. So, for background, we used this cluster emission free region of the ACIS-I chips that is ∼3 Mpc away from the cluster center. To merge all the obsids, it uses merge obs and fluximage task. We used wavdetect task to detect point sources in the 0.2-12 keV band, and checked visually whether the point sources were correctly chosen or not. After providing the SAO DS9 8 region file of the point sources, it excludes these point sources and creates a point source removed flux image (Fig. 2 ). High energy background flare time intervals were filtered out, and corresponding high energy wings were removed by generating light curves in the full band and 10-12 keV band for each observation. The light curves were binned at 259 sec per bin. Count rates greater than 3σ from mean were removed using the task deflare. We have visually inspected the light curve to ensure that the background flares were effectively removed. Spectra were extracted from circular regions in the ACB method which were created using method adapted from Randall et al. (2008 Randall et al. ( , 2010 , and widely used by e.g., A2744 Owers et al. (2011 , A2443 Clarke et al. (2013 , A3667 Datta et al. (2014) , A85 Schenck et al. (2014) , A115 Hallman et al. (2018) . For WVT temperature map, we have used algorithm developed by Diehl, & Statler (2006) to create regions. For both methods, regions were just large enough to reach some minimum counts per spectra with applying threshold signal to noise ratio (SNR) as constrains. We have used SNR = 65 for ACB and SNR = 40 for WVT method to have more than 2000 counts per spectral region. Here, the signal is background subtracted counts, and noise is Poisson's noise coming from both signal and background. In ACB method, the best fitted temperature of each region was assigned to the pixel at the center of the circle, and every pixel has a corresponding circular spectral region. Circles are allowed to overlap so that some pixels will share counts from other pixels. Central 2.5 region is contaminated by strong point source ( 2019), we masked this region and only considered 0.7-2.0 keV energy band for spectral fitting. specextract was used to derive the response files (RMF, ARF) and dmextract for source and background spectra. We used XSPEC version 12.9.1 to fit these spectra within 0.7-7.0 keV energy range using the APEC thermal plasma model and the PHABS (photo-electric absorption) model. The best fitted results and their corresponding errors (using C-statistics; Cash 1979) were then used to create the ACB (Adaptive Circular Binning) and WVT temperature maps (Fig. 3) . Most of these extraction routines were processed in parallel on a shared memory cluster computer with 96 cores and 512 GB RAM.
In the next section, we discuss the results from the observations starting with the diffuse radio emission.
DIFFUSE RADIO EMISSION FROM THE CLUSTER CORE
The presence of diffuse radio emission in the Phoenix cluster was first detected by van Weeren et al. (2014) at 610 MHz with GMRT observations and characterized as a minihalo. The central BCG was also detected in a 156 MHz GMRT observation (van Weeren et al. 2014 ) and in the 843 MHz Sydney University Molonglo Sky Survey (Bock et al. 1999; Mauch et al. 2003) with flux densities of 330 ± 45 mJy and 79.2 ± 2.8 mJy, respectively.
JVLA L-Band Data
In the left panel of Fig. 1 , we present a 1.52 GHz radio image overlaid with 610 MHz contours. This is a low resolution image (28 × 17 ), which reveals the diffuse radio emission surrounding the central BCG. This image was made using a Briggs robust parameter of 0.5 and a Gaussian taper of σ taper = 7 kλ to emphasize large angular scale emission sensitivity.
The radio emission extends throughout most of the cluster region visible in the X-ray. To estimate the Right Ascension ( amount of diffuse radio emission present in the cluster region, first we integrated the total emission en-closed within the 3σ rms contour of the low resolution image (Fig. 1, left panel) . Then, a high resolution im-age was made using the robust parameter −1 and excluding baselines shorter than 7 kλ (corresponding to a physical scale of about 240 kpc) to get rid of the large scale emission. The flux densities of the point sources were estimated using PyBDSF (Python Blob Detector and Source Finder; Mohan & Rafferty 2015) with which we modeled these unresolved point sources using Gaussian fitting and estimated their corresponding integrated flux densities. These flux values are presented in Table  3 . After that, the flux density contributions of these embedded point sources were subtracted from the total emission to get the integrated flux density of the diffuse radio emission. The minihalo emission at 1.52 GHz was found to be S M H 1.52 GHz = 9.65 ± 0.97 mJy. The uncertainty in the flux density was estimated using
where, σ cal and σ rms are calibration uncertainty and map noise respectively. N beam is the number of beams present within the 3σ rms contour. We assumed the σ cal to be 10% in the flux density error estimation.
To estimate the size of the diffuse emission, we produced an unresolved point source subtracted image. This image is shown as contour overlay in Fig.  4  (left panel) . Following Cassano et al. (2007) , we have estimated the radius of the diffuse radio emission using R M H = √ R max × R min where R max and R min are maximum and minimum radii measured corresponding to the 3σ rms contour. This radius came out to be R M H = 0.31 Mpc. The flux density of the minihalo within the 3σ rms contour was estimated to be 11.0±1.05 mJy, which is consistent within the errorbars with the previous estimate. To verify the existence of the diffuse emission at 1.52 GHz, an alternative point source subtraction method is presented in Appendix Sect. A.
GMRT 610 MHz Data
In order to compute the spectral index between 610 MHz and 1.52 GHz, we made a 610 MHz image selecting a relevant UV-range such that the image resolution matches with that in the JVLA L band image. We used the same 7 kλ UV-taper and a Briggs robust parameter of 0.5 as in the 1.52 GHz image. Finally, the image was restored with the same 28 × 17 beam. This image is shown as white radio contours overlaid on the 1.52 GHz image in the left panel of Fig. 1 . The extent of the radio emission in both frequencies is almost overlapping.
The minihalo emission at 610 MHz was estimated following the same procedure discussed above. The high resolution image was produced, excluding baselines shorter than 7 kλ and setting the robust parameter to -1. The unresolved point sources were modeled using PyBDSF on this high resolution image (Table  3) . Finally, the flux density contribution corresponding to these point sources were subtracted from the total emission enclosed by the 3σ rms contour. The minihalo emission at 610 MHz came out to be S M H 610 M Hz = 22.54 ± 2.26 mJy. The flux density uncertainty was calculated using Eq. 1 assuming 10% calibration error.
Spectral index estimation
We estimated the spectral index of the integrated minihalo emission between 610 MHz and 1.52 GHz by selecting the same region where radio emission is present in both frequencies within the 3σ rms contour. Then, we estimated the minihalo flux densities similarly to as described above. The spectral index between 610 MHz and 1.52 GHz was found to be α = −0.98 ± 0.16 which is on the flatter side of typical minihalo spectra reported earlier in the literature (e.g., Sijbring 1993; Giacintucci et al. 2011; Ferrari et al. 2011) . The uncertainty in the spectral index is estimated using
where, S and ∆S are flux density and respective uncertainty. We calculated the k-corrected 1.4 GHz radio power of the minihalo using
and was found to be P 1.4 GHz = (14.38 ± 1.80) × 10 24 W Hz −1 which is consistent with the X-ray luminosity and follows the observed L X − P 1.4 GHz correlation (Kale et al. 2015) .
CLUSTER DYNAMICS IN X-RAY
Temperature Map
The cool core clusters are characterized by their regular morphology and extreme X-ray luminous core. The Phoenix galaxy cluster is one of the most relaxed clusters with the strongest cooling flow known, possibly a rare example of runaway ICM cooling . The X-ray image (Fig. 2) shows the dense, ultraluminous core with near concentric brightness contours suggesting the absence of recent major merger events. On the other hand, the temperature maps shown in Fig. 3 reveals the disturbance in the core region along with the thermal gas distribution of the ICM. These temperature maps are consistent with the previously published temperature map by McDonald et al. (2019a) .
Unlike the brightness map (Fig. 2) , the temperature distribution is not that regular. The left panel of Fig. 3 clearly shows the cool core where the X-ray luminosity is highest. Hot gas is distributed surrounding most of the cool core, but the gas temperature on the eastern side of the core is much more uniform compared to the western counterpart. Apart from the core, there is another region in the west where there is cold gas with almost similar temperature. These two regions are connected with mildly cold gas with intermediate temperature. There are also two hot gas clumps in the north and south of this cold region. Fig. 2 shows that the X-ray surface brightness distribution from the cluster core towards the periphery is almost isotropic, which is also evident from the near concentric brightness contours. So, to explore more subtle changes in the brightness distribution, we produced a surface brightness unsharped mask map of this cluster (e.g., Ichinohe et al. 2015) . To do that, we fitted a 2D elliptical β−model to the smoothed X-ray brightness image (0.7 − 8.0 keV). Then, we subtracted the 2D β−model from the unsmoothed brightness image to obtain a residual brightness map. A smoothed residual brightness map is shown in the top left panel of Fig. 4 revealing excess surface brightness features that would otherwise be unseen in the original X-ray brightness map. The most prominent feature seen in this map is the spiraling brightness excess, where cool gas has formed a spiral shape. The presence of spiraling cool gas in the Phoenix cluster was first reported by McDonald et al. (2015) , but the detection was of low significance because of the signal-to-noise limitation. Here in Fig. 4 , the over-dense region is clearly detected along with the eastern tail of the spiral which was barely detected by McDonald et al. (2015) . It is present all around the core but is much brighter near the core than in the peripheral region. Ascasibar & Markevitch (2006) investigated processes like this in numerical simulations and found that minor merger events in the cooling flow clusters can generate this kind of feature. The spiral structure is remarkably similar to Fig. 3 in ZuHone et al. (2013) wherein a numerical simulation of a minor merger event has produced cold front. A sudden drop in the excess brightness across the outer edge of the spiral is seen in the north-east (NE) and south-east (SE) directions, making an edge like feature, with the NE one being more extreme. The top right panel of Fig. 4 displays the temperature map overlaid with the residual brightness map contours, showing that these edge-like features coincide with the positions in the temperature map where temperature gradients are observed.
Residual Brightness Map
Sloshing Cold Fronts
Even though the excess brightness is present in almost every direction from the cluster center, forming a spiral, sudden decreases are visible only in the NE and SE directions (Fig. 4) . For the quantitative measurement of these edges, we have extracted radial profiles along these directions, as indicated with white wedges in the top right panel of Fig. 4 . The NE wedge spans angles between 18 to 70 deg and the SE wedge angles between 120 to 195 deg where the position angles were measured from the north.
In Fig. 5 , we present X-ray surface brightness, projected temperature, pressure, and entropy profiles for these wedge regions. The surface brightness profile, as well as the broken powerlaw fit was performed with PROFFIT developed by Eckert et al. (2011) . We have extracted the temperature profile by fitting the X-ray data corresponding to each annular similar to as done in the ACB temperature map generation. Combining the mean brightness corresponding to each annular and the extracted temperature, we derived pseudo-pressure and pseudo-entropy profiles as well.
As seen in the unsharped mask map, temperature discontinuity is seen across the NE and SE edges. The corresponding X-ray brightness shows relatively subtle change across these edges, and also the pressure varies smoothly. The top panels of Fig. 5 clearly shows the presence of density discontinuity across these edges. The density jump across the NE and SE edges are 1.33±0.03 and 1.37 ± 0.04 with reduced χ 2 being 1.37 and 1.02, respectively. These are cold fronts or contact discontinuities, which are ubiquitous in cool core clusters, indicating gas sloshing in the cluster core. These sloshing cold fronts are possibly induced by minor merger events (Ascasibar & Markevitch 2006) . The positions of the NE and SE cold fronts are at ∼98 and ∼69 kpc, respectively, from the cluster center, taken to be the X-ray brightness peak. For a systematic investigation, we have searched for projected temperature and density discontinuity in all directions following the X-ray excess brightness spiral and found none other than those mentioned above.
SUMMARY AND CONCLUSIONS
Our high resolution Chandra temperature map presents a cluster-wide thermal gas distribution, and the unsharped mask map reveals the spiraling cool gas around the cluster core resulting from a past minor merger event. Two subtle cold fronts in the NE and SE of the core are detected, which indicate the presence of sloshing motion in the cluster. These are possibly the most distant resolved cold fronts detected to date.
The diffuse radio emission discovered in the 610 MHz observations is also present at 1.52 GHz, occupying a similar cluster region with a radius of about 0.31 Mpc. The minihalo emission at 1.52 GHz was found to be 6.65 ± 0.97 mJy. We calculated the spectral index of the minihalo between 610 MHz and 1.52 GHz to be −0.98 ± 0.16, which is flatter than the typical minihalo spectrum. The top left panel of Fig. 4 shows that where the cold fronts are found in the vicinity of the cluster core, diffuse radio emission is present on a much larger scale. Other such examples were reported by, e.g., Giacintucci et al. (2011 Giacintucci et al. ( , 2014 ; Savini et al. (2018 Savini et al. ( , 2019 , where minihalo emission is present well beyond the cold fronts. Fig. 4 also shows the large scale spiraling cool gas, indicating that the gas sloshing is happening on a much larger scale, which covers most of the minihalo region. So, even if the large scale cold fronts have decayed, the turbulence is still present, providing the necessary energy to the in situ relativistic electrons.
It is worth pointing out that McDonald et al. (2019a) reported the presence of radio jets from the central BCG in the Phoenix cluster, but our 1.52 GHz observation lacks the necessary spatial resolution to quantify the radio emission from these jets accurately. So, the possibility of jet emission contamination in the flux density estimation at 1.52 GHz, resulting in the relatively flatter spectrum, can not be ruled out. In addition, Fig. 4 shows that surprisingly, the minihalo emission extends in the direction of the BCG jets ( Fig. 5 McDonald et al. 2019a) further indicating the possible AGN influence in the ICM. Since the possible contamination by the AGN jets can not be ruled out, the estimated spectral index value should be regarded as an upper limit to the minihalo spectral index.
In conclusion, the sloshing driven turbulence seems to be playing a major role in providing the necessary relativistic electrons for minihalo emission. Future low frequency radio observations with higher large angular scale sensitivity are needed to clarify the true extent of the minihalo emission and also to look for the presence of steep spectrum large scale emission. Also, future high frequency radio observations with good large scale sensitivity are needed to detect the presence of spectral break, if any, which would be a signature of the re-acceleration model. Most importantly, resolved multi-frequency observations are necessary to quantify the BCG and jet emission contributions accurately. To verify the existence of diffuse radio emission at 1.52 GHz, we have presented the direct point source subtracted 1.52 GHz image of the Phoenix cluster (unlike the contours presented in Fig. 4 left panel where the point source contributions were subtracted from the UV-data). Here, first, we have convolved the high resolution point source image (Fig. 1 right panel) with the restoring beam of the low resolution image shown in Fig. 1 left panel. Then, we subtracted the new low resolution point source image from Fig. 1 left panel image. The resultant residual image is similar to the contour image presented in Fig. 4 left panel. The integrated flux of this residual diffuse emission is also consistent with reported values (Sect. 4.1) within the errorbars.
